Mycobacterial Biofilms: A Greasy Way to Hold It Together  by Zambrano, María Mercedes & Kolter, Roberto
cleaved  embryos  by  the  fact  that  the 
transplanted nuclei  had  twice as  long 
to  finish  replicating  their  DNA,  having 
evaded  the  first  mitosis  (Gurdon  and 
Laskey,  1970).  This  may  still  be  valid 
as a partial answer. However, the pro-
found  difference  in  success  between 
half-cleaved and fully cleaved embryos 
as  donors  for  second  nuclear  trans-
fers was still surprising  (see Figure 1). 
Lemaitre  et  al.  (2005)  now  provide  a 
much better explanation than ours: the 
transplanted nucleus is reset by expo-
sure  to  mitotic  cytoplasm,  leading  to 
reorganization  of  its  chromatin, which 
allows for much faster DNA replication.
The work  of  Lemaitre  et  al.  (2005) 
is  important  because  it  defines  the 
relationships between mitosis, replica-
tion  patterns,  and  chromosome  loop 
organization.  It also has many poten-
tial applications. First,  it  increases the 
range  of  nuclear  templates  that  can 
be  used  to  study  the  control  of DNA 
replication  in  Xenopus  egg  extracts. 
Second,  it  opens  up  the  possibility 
that pre-exposure of  nuclei  to mitotic 
extracts might  increase  the efficiency 
of DNA replication in mammalian cell-
free  systems,  which  lag  far  behind 
their  Xenopus  counterparts  in  effi-
ciency. Third,  it might result  in greatly 
increased  efficiency  of  nuclear  trans-
fer  in  frogs.  Although  the  question 
that  nuclear  transfer  originally  aimed 
to  address—that  is,  whether  differ-
entiation  involves  irreversible  loss  of 
genes—has  been  largely  answered, 
there are still many unresolved  issues 
about  gene  regulation,  silencing,  and 
chromatin  modification  that  could  be 
approached  through  nuclear-transfer 
experiments,  particularly  if  pre-expo-
sure  to  mitotic-cell  extracts  removes 
the need for serial transfers. Finally, the 
most important feature of the Lemaitre 
et al. (2005) study may be the insight it 
gives us into a possible way of increas-
ing  the  efficiency  of  nuclear  transfer 
and thus the cloning of mammals.
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Microorganisms growing on surfaces can form biofilms under certain conditions. In this issue 
of Cell, Ojha et al. (2005) investigate biofilm formation in mycobacteria. They identify new cell-
wall components that are required for the formation of architecturally complex mature biofilms 
in these bacteria and the surprising involvement of a chaperone protein in this process.A brief inspection of the world around 
us  makes  it  readily  apparent  that 
most microbial activity occurs on sur-
faces.  From  the  slippery  rocks  on  a 
riverbed  to our own  teeth, virtually all 
exposed surfaces on this planet teem 
with microbial  life.  The  aggregates  of 
microbial cells that exist in close asso-
ciation with surfaces are referred to as 
biofilms and have tremendous impact 
on  the  local  environment  (Davey  and 
O’Toole, 2000). In the case of the use-762  Cell 123, December 2, 2005 ©2005 Eful microbial communities that form on 
the sand grains present in water treat-
ment plants, their effect is greatly ben-
eficial for humankind. But in the clinical 
setting, microbial growth on surfaces 
can  have  devastating  consequences 
(Parsek  and  Singh,  2003).  When 
implanted  devices,  such  as  artificial 
joints, become colonized with bacterial 
biofilms, there is almost no alternative 
but removal of the device. The bacte-
ria  coating  the  device  become  recal-lsevier Inc.citrant  to  treatment with antimicrobial 
agents  and  develop  into  an  almost-
impossible-to-eradicate  reservoir  of 
bacteria  that  can  spread  throughout 
the body. In fact, many chronic bacte-
rial infections, such as those of Pseu-
domonas aeruginosa  in  the  lungs  of 
cystic fibrosis patients, are thought to 
persist  largely due to the formation of 
biofilms.
Biofilm formation is akin to a devel-
opmental pathway (Davey and O’Toole, 
2000). Initial attachment of bacteria to 
a  surface  is  often  mediated  by  fila-
ments  that  extend  from  the  bacteria. 
These proteinaceous appendages can 
serve as anchors, transiently fixing the 
bacteria on location. Once attached to 
the surface, biofilm-associated bacte-
ria initiate the synthesis of an extracel-
lular  matrix,  which  generally  signifies 
their commitment to a sedentary exis-
tence (Branda et al., 2005). Thus, dur-
ing  biofilm  formation,  the milieu  at  or 
near the surface of bacteria undergoes 
dramatic alterations.
In  the  laboratory,  the production of 
extracellular matrices by biofilm-asso-
ciated bacteria generally leads to eas-
ily detected phenotypes on the surface 
of both solid and liquid media (Branda 
et al., 2005). At the macroscopic level, 
biofilms that contain copious amounts 
of  extracellular  matrix  can,  in  some 
instances,  display  dramatic  architec-
tural  features.  Thus,  a  floating biofilm 
(also  referred  to  as  a  pellicle),  which 
forms on  the surface of  liquid culture 
media,  displays  a  remarkable  wrin-
kling phenotype (see cover, this issue) 
that  disappears  in mutants  unable  to 
produce an extracellular matrix. These 
extracellular matrices contain secreted 
polysaccharides (exopolysaccharides), 
proteins, and sometimes even nucleic 
acids.
Some bacteria do not fit this mold; 
they are able  to  form robust biofilms, 
yet  they do not produce exopolysac-
charides as part of biofilm  formation. 
Such  is  the  case with mycobacteria: 
no  proteinaceous  extensions  from 
these  bacteria  have  been  identified 
in  initial  surface  attachment,  and  no 
exopolysaccharide  components  of 
their extracellular matrices are known. 
Scrutiny  of  mycobacterial  genomes 
suggests that they in fact do not pos-
sess the capability for exopolysaccha-
ride production. Yet mycobacteria form 
remarkable biofilms either attached to 
hydrophobic  solid  surfaces  or  float-
ing as pellicles on  the  surface of  liq-
uid culture media. It has been shown 
that  the  glycopeptidolipids  of  Myco-
bacterium smegmatis  are  important 
for  initial  surface  attachment  during 
biofilm formation (Recht et al., 2000). 
However,  components  affecting  later 
stages  of  biofilm  formation,  which figure 1. Mycolic Acids Are Important for Biofilm formation in M. smegmatis
(Upper panel) Structure of α-mycolic  acid  showing  the  invariant C26  chain  condensed with  a C52 
chain containing two cyclopropyl moieties. The latter chain can vary in length and can contain vari-
ous substitutions.
(Lower panel) Model  for biofilm  formation by M. smegmatis.  Individual  free-living  (planktonic) my-
cobacteria  (yellow) alter  their mycolic-acid composition  (brown cell  envelope)  to  the shorter-chain 
version (red cell envelope) when conditions favor biofilm formation. Some fraction of these shorter-
chain mycolic acids could be secreted, thereby forming part of the extracellular matrix of the biofilm 
(light red).might be involved in the development 
of the characteristic architectural fea-
tures of the biofilm, have not yet been 
identified.
In this issue of Cell, Ojha et al. (2005) 
identify  an  apparently  new  class  of 
fatty acids that plays an important role 
in the development of biofilm architec-
ture in M. smegmatis. Intriguingly, their 
results  indicate  that  the  synthesis  of 
these fatty acids during biofilm devel-
opment specifically involves GroEL1, a 
member of the Hsp60 family of chap-
erone proteins found in mycobacteria.
The mycobacterial cell envelope has 
an extremely unusual structure (Bren-
nan, 2003). One of its most striking fea-
tures is the presence of very long-chain 
(C70–C90) fatty acids, known as mycolic 
acids, that are usually anchored to the 
envelope  through  covalent  linkage  to 
arabinogalactan.  Although  mycolic 
acids  come  with  numerous  baroque 
decorations,  their  general  structure 
contains  an  invariant  C26  fatty  acid 
that is condensed with a usually much 
longer and variable fatty acid through 
the  action  of  a  polyketide-synthase-
like enzyme (Portevin et al., 2004) (see 
Figure 1,  upper panel). Mycolic  acids 
contribute to the overall structure and 
characteristics  of  the  mycobacterial 
envelope,  providing  a  permeability Cell 123, Debarrier  that  is  largely  responsible  for 
the ability of these organisms to resist 
many  common  therapeutic  agents 
(Brennan, 2003).
In  their  study,  Ojha  et  al.  (2005) 
found that the mycolic-acid profiles of 
M. smegmatis were dramatically differ-
ent  in  free-living  (planktonic)  bacteria 
as  compared  to  bacteria  associated 
with  biofilms.  The  latter  showed  the 
appearance  of  what might  be  a  new 
class  of mycolic  acids: much  shorter 
overall (C56–C68), but still probably too 
long to represent mycolic acid precur-
sor molecules. A mycobacterial mutant 
lacking GroEL1 was unable to develop 
architecturally  complex  biofilms  and 
was  also  defective  in  the  production 
of  mycolic  acids.  Importantly,  this 
defect was most apparent during bio-
film formation, when the shorter-chain 
mycolic  acids  accumulate.  This  sug-
gests  that GroEL1 has a specific  role 
in the synthesis of the C56–C68 mycolic 
acids and that its absence has striking 
consequences  for  the  development 
of  mature  biofilms.  How  might  this 
elevated  synthesis  of  shorter-chain 
mycolic  acids  mediate  mycobacterial 
aggregation  and  development  of  a 
mature  biofilm? One  intriguing  possi-
bility is that these shorter mycolic acids 
may be released to form a hydrophobic cember 2, 2005 ©2005 Elsevier Inc.  763
extracellular matrix  in mature biofilms 
(see Figure 1,  lower panel). Clearly,  it 
will  be  most  interesting  to  determine 
if the C56–C68 mycolic acids are exclu-
sively  associated  with  the  surface  of 
mycobacteria or whether they are also 
found secreted outside the cell.
These  findings  clearly  indicate  that 
GroEL1  is  involved  in  the synthesis of 
mycolic acids and  is,  in  turn,  respon-
sible  for  the  development  of  a  wrin-
kled mature pellicle  in M. smegmatis. 
However, the exact role played by this 
chaperone  protein  remains  elusive. 
Proteomic analysis of a ∆groEL mutant 
revealed a marked  reduction  in KasA 
and  KasB  components  of  the  type  II 
fatty-acid  synthase  complex  involved 
in the synthesis of mycolic-acid precur-
sors.  In  addition,  GroEL1  associates 
physically with KasA and SMEG4308, 
a protein of unknown function that con-
tains  a  methylase  domain  potentially 
related  to  cyclopropyl  fatty  acid  syn-
thesis. These findings  led the authors 
to suggest that the switch to synthesis 
of  C56–C68  fatty  acids  characteristic 
of  biofilm-associated mycobacteria  is 
dependent on GroEL1.
Although  the  results  of  Ojha  et  al. 
(2005) are intriguing, the path that led 
the  investigators  to their observations 
is equally fascinating. The discovery of 
this new role for the GroEL1 chaperone 
in  mycolic-acid  synthesis  stemmed 
from the observation of an unexpected 
phenotype  in  a  strain  of  lysogenic 
mycobacteria.  During  their  examina-
tion  of  the  interaction  of  mycobacte-
riophages  with  biofilms,  the  authors 
noted  that  mycobacterial  strains  that 
harbored  the  Bxb1  prophage  grew 
well  on  solid media  and  in  liquid  cul-
tures but were unable  to develop  the 
typical architecture of mature pellicles 
characteristic of the biofilms of the par-764  Cell 123, December 2, 2005 ©2005 Eent mycobacterial strain.  Interestingly, 
the Bxb1 prophage is integrated at the 
3′ end of the groEL1 gene. This led the 
investigators to test a ∆groEL1 myco-
bacterial mutant  for biofilm  formation. 
They found that this mutant expressed 
a pellicle defect  as well,  thus  indicat-
ing that GroEL1 was required for nor-
mal growth and maturation of biofilms. 
Although the authors do not speculate 
about what selective advantage might 
be gained by such a lysogen, we sug-
gest  two  possibilities.  First,  this  may 
represent  a  case of  “cheaters” within 
a  bacterial  population  (Travisano  and 
Velicer,  2004).  If  the  lysogenic myco-
bacteria do not have to expend energy 
in  generating  a  component  of  the 
extracellular matrix of the biofilm, they 
might  have  a  selective  advantage  as 
long as  they  remain a minority popu-
lation where other  cells provide  them 
with an extracellular matrix. This could 
be  tested  experimentally  by  growing 
pellicles  of  mixed  populations  (wild-
type  and  ∆groEL1  mutant  mycobac-
teria)  and  determining  the  relative 
numbers of each. Second, “lysogenic 
conversion”  is  a  common  strategy 
among bacteria in which the presence 
of  a  prophage  changes  the  surface 
properties of the host cell, rendering it 
resistant  to  infection by other phages 
(Brussow  et  al.,  2004).  This  may  be 
the  advantage  of  groEL1  inactivation 
by  the  Bxb1  prophage.  Regardless 
of  the evolutionary  implications of  the 
Bxb1 site of prophage attachment, this 
study of Bxb1 lysogens has led to the 
assignment of a physiological function 
to one of the Hsp60 chaperones of M. 
smegmatis.  Clearly,  GroEL2  provides 
essential  housekeeping  functions  to 
this mycobacterium, whereas GroEL1 
is  a  nonessential  chaperone  involved 
in  the  synthesis  of  mycolic  acids lsevier Inc.under conditions that promote biofilm 
 formation.
We  find  it wonderfully  fitting  that  a 
bacteriophage  has  revealed  a  new 
role  for  the  GroEL1  chaperone.  After 
all,  it was studies more than 30 years 
ago with phage λ that led to the origi-
nal  identification of the GroE family of 
chaperones. Although  this detail may 
be  lost  to  many,  the  protein  name 
still  reflects  this  fact:  the  initial  groE 
mutants were  identified because they 
did not support λ growth  (Sternberg, 
1973). Given the amazing versatility of 
phages  in  generating  variability  and 
driving evolutionary change in prokary-
otes, it should be no surprise that they 
continue  to  provide  valuable  insights 
into  biological  processes  within  the 
microbial world.
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